The effect of manufacturing conditions such as a rolling reduction and the final heat-treatment condition on the texture and creep behavior was investigated for the Zircaloy-4 sheet. Various microstructural characteristics could be obtained in this study by controlling of the rolling reduction from 30 to 70% and the final heat-treatment conditions up to 600 C. The crystallographic texture of the prepared Zircaloy-4 sheet was evaluated by using the XRD for the rolling plane. The creep test of the sheet was performed under a constant applied stress at a temperature at 380 C with an axial stress of 120 MPa for the three directions of 0 , 90 , and 45 in the rolling direction. From a comparison of the Kearns number for the normal direction of the sheet, the texture was developed with an increasing rolling reduction, and was somewhat affected by the final annealing conditions. The creep strain was decreased by adding a final annealing, and it was considerably affected by the test direction, because it was observed that the 45 direction in the rolling direction revealed the highest creep strain among the three types of test directions.
Introduction
Zirconium alloys have been widely used for the fuel cladding and other core components in nuclear reactors and among them Zircaloy-4 has been mainly used as a fuel cladding material for pressurized water reactors (PWR) for a long time. Zircaloy-4 was developed for the core components and fuel cladding of nuclear power plants, since zirconium based alloys have good mechanical properties and a good corrosion resistance.
The parameters of the crystallographic texture is very important factors for the zirconium alloys since it is well known that the physical properties such as hydride orientation, 1, 2) creep 3) as well as an irradiation growth behavior 4, 5) are influenced by the preferred grain orientations of the zirconium-based alloys. Therefore, the crystallographic texture factor for zirconium-based alloys is considered for their application for nuclear components. From the studies on the creep of Zircaloy tubes, 6, 7) it was shown that a large creep strain occurred in a stress-relieved structure rather than in a recrystallized structure at a low stress region, and vice versa at a high stress. At the low temperature range of 300-500 C, several deformation mechanisms such as a climb-controlled dislocation creep, 8) and a recovery creep, 9) and a grain boundary sliding 10) have been suggested.
In addition, a microstructural approach for crept samples was performed by some researchers. 11, 12) The dislocation substructures induced by a creep at a low stress and at a high temperature region have been identified by Ecob et al.
11)
However, the information about the microstructure of a crept sample which was deformed under a low stress and high temperature range is insufficient to apply to a normal operation temperature of a reactor. Nam et al. have examined the crept microstructure of a stress relieved Zircaloy tube and a recrystallized Zircaloy tube tested at a low temperature. 12) From their results, it is known that the dislocation density is increased by the creep test, and sub grains are formed by a very high creep strain.
The purpose of this paper is to reveal the effect of the microstructural characteristics on the texture and creep behavior of a Zircaloy-4 sheet, and to obtain a correlation between the creep behavior and the crystallographic texture. The present work was undertaken to provide some insight into the creep behavior as well as the texture of a Zircaloy-4 strip which was manufactured by a combination of different cold rolling reductions and final annealing conditions. Also, to interpret the creep mechanism, a microstructural observation was performed by using TEM for the samples before and after a creep test.
Experimental Procedure
The material used in this work is a recrystallized Zircaloy-4 sheet with a thickness of 2.5 mm from Cezus. The chemical composition of the Zircaloy-4 sheet consisted of Sn (1.5 mass%), Fe (0.2 mass%), Cr (0.1 mass%) and Zr (bal.) and the microstructure of that sheet was fully recrystallized. The major precipitate of Zircaloy-4 is consisted of the Zr(CrFe) 2 type in which the mean size is 100 nm. Sn of 1.5 mass% is maintained as a solid solution without annealing temperature, and other impurity elements were limited in a few hundred ppm order to reduce the irradiation problem in Zircaloy-4 alloy. On the Zircaloy-4 sheet, a cold rolling and a final annealing were performed as shown in Table 1 . The cold rolling reduction was changed from 30 to 70% in thickness and three types of final heat-treatment conditions, none, 510 C for 2.5 h, and 600 C for 2.5 h in a vacuum of 10 À3 -10 À4 Torr were applied to each cold rolled sheet. To determine the crystallographic texture, the XRD analysis was performed for all the specimens by using the Bruker AXS 5005 with a 4 cycle Goniometer. The pole figure of the each sheet was calculated from the measured f0002g, f10 1 10g, f11 2 20g, and f10 1 13g poles. Kearns 13) proposed an orientation parameter ( f ) based on pole figure results. The f -factor could be defined in terms of an effective fraction of the grains with their basal poles aligned in a particular direction as follows,
where I sin is the volume fraction of the grains with their c-axes oriented at a tilt angle from the reference direction, with I expressed in the units of times-random. From the Kearns parameter, it is given for three directions (RD, TD, ND for a plate and
. Figure 1 shows a schematic diagram of the selection of creep test specimens which were machined from the sheet along the R (rolling direction), T (transverse direction), and S (45 slope to the rolling direction) with a gauge length and width of 25 mm and 5 mm, respectively. Creep tests were carried out under a constant applied stress of 120 MPa at a temperature of 380 C. The axial creep strains for the creep specimens were monitered by using an LVDT (Liner Variable Differential Transformer) extensometer. Creep specimens were tested at a given temperature up to 240 hours.
TEM observation was performed for the specimens before and after a creep test. TEM specimens were sectioned from a gauge part of the crept samples and were prepared by a twin-jet polisher with a solution of 10 vol% HClO 4 and 90 vol% C 2 H 5 OH after a mechanical thinning to 70 mm. Then they were examined for their dislocation microstructures.
Results and Discussion

Microstructural observation and texture character-
istics of the Zircaloy-4 sheet with the cold reduction ratio and the final heat-treatment conditions Figure 2 shows the optical microstructure of the manufactured Zircaloy-4 sheet as shown in Table 1 . The microsturctural characteristics were changed with the applied cold rolling reductions and final heat-treatment conditions. The deformed microstructure of grains was observed in the as cold rolled and 510 C annealed samples, and the deformed grains were fully recrystallized by an annealing at a high temperature of 600 C after a cold rolling. Since the deformed grains were maintained when the samples were annealed at 510 C for 2.5 h, it is matched with the report for the recysatallization behavior of Zr-xSn alloy. 13) Thus, the microstructural characteristics were controlled well by the applied manufacturing factors in this work. Figure 3 shows the results of the Kearns number which was calculated by the pole figure results obtained from the XRD analysis for the normal plane. From the results of the calculated Kearns number, 14) the ð0002Þ basal plane was considerably oriented perpendicular to the rolling direction. And that plane is more aligned when the cold rolling reduction was increased from 30% to 70%. However, the increment of the Kearns number of the ð0002Þ basal plane by the cold rolling was caused by a change of the basal plane normal from TD to ND. Therefore, it is revealed that the major effect of the texture variation with the cold working is related more to the change between TD and ND than that between RD and ND. And it could be assumed from these XRD results that the prismatic plane was aligned to RD.
Regarding the effect of the final heat treatment condition on the texture, the Kearns number of the ð0002Þ basal plane was increased when the cold rolled sheet was annealed at 510 C for 2.5 h, while that of the ð0002Þ basal plane was decreased when the cold rolled sheet was annealed at 600 C for 2.5 h. From the microstructural observation as shown in Fig. 2 , although a difference of the grain shapes between the as cold rolled state (A) and the annealed state at 510 C for 2.5 h (B) was not observed, it could be assumed that a substructure such as the dislocation density, twins was changed by an annealing at 510 C for 2.5 h. Also, since fully recrystallized grains were observed after an annealing at 600 C for 2.5 h, it could be assumed that most of the lattice defects were removed from the 600 C annealed Zircaloy-4 sheet. Generally, the deformation of zirconium is controlled by a slip and twins and it is found that a twinning is a more important deformation mode. 15) It has been reported that the texture of a zirconium sheet is favorable for a slip deformation when the tensile stress is parallel to the rolling direction, therefore, if the tensile stress axis is rotated in the transverse direction, most of the grains are unfavorably oriented for a slip, and a deformation occurs by a f10 1 12g twinning at room temperature. 16, 17) Thus, the development of a basal plane texture with a cold rolling of a Zircaloy-4 sheet is mostly caused by the f10 1 12g twinning in this work. The effect of a heat treatment on the texture of a zirconium sheet and a Zircaloy tube has been studied by Tenckhoff 
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et al. 18) However, they focused on the effects of alloying elements and impurities which affected the mobility of the grain boundaries. Since it was observed that the texture was also affected by the final annealing conditions of the Zircaloy-4 in this work, it is thought that the variation of the texture with the final heat-treatment conditions was related to the fraction of the partial recrystallized grains and the re-arrangement of the defects such as the dislocations and twins in the matrix.
Thermal creep behavior the of Zircaloy-4 sheet with
the cold reduction ratio and the final heat-treatment conditions Generally, the creep behavior of Zirconium alloys is affected by certain parameters such as the chemical composition, texture, and microstructural characteristics of the grain size, dislocation density and the precipitates. Since a Zircaloy-4 sheet was prepared with different cold rolling reductions and final heat-treatment conditions in this work, its creep behavior was affected by different microstructural factors such as the fraction of a recrystallization and the texture, as shown in Table 1 . Figure 4 shows the creep curves of the Zircaloy-4 sheet which was sampled along the transverse direction as shown in Fig. 1 and these sheets were tested at the conditions of 380 C and 120 MPa. In all the cases, normal creep curves containing a steady state region were observed during the creep test. Creep strain of the Zircaloy-4 was mainly divided into two groups with the final heat-treatment conditions. By adding a final annealing, the creep strain was decreased as compared to the as-cold rolled samples. And the creep strain was somewhat decreased with a decreasing cold rolling reduction for the same treatment conditions. Figure 5 shows the creep strain results as a function of the various cold rolling reductions, heat treatment conditions, and also the sampled directions for the creep test. Since it is possible that the total creep strain is divided into the primary region and secondary region, the creep strain in this work could separate in both the primary and secondary creep deformed regions. The creep strain was considerably decreased with an annealing, however, the annealing temperature between 510 C and 600 C did not affect the creep strain in the all tested conditions. Thus, it could be assumed that the creep behavior was affected more by the stress relief condition than the fully recrystallized structure when compared to the cold rolled structure. Although a variation of the texture was found between the as cold rolled and 510 C annealed samples, the crystallographic orientation between the as cold rolled and the 510 C annealed samples was similar as shown in Fig. 3 . Therefore, it was thought that the difference in the creep strain with the heat-treatment was affected more by a stress relief condition than a full recrystallization or small variation of the texture. Since the creep behavior was not matched with the grain size and shape as shown in Fig. 5 , it could be assumed that a microstructural variation of the grain size and shape hardly affected the creep strain in the test condition of 120 MPa at 380 C for the Zircaloy-4 sheet. It was observed that the creep behavior in both the primary and secondary regions was also affected by the sampling direction of the creep test samples, since the orientation of the creep test direction was changed considerably by the test sample preparation as shown in Fig. 6 .
By a comparison of the creep test results, it was found that the creep strain in both the primary and secondary regions was much higher in the case of the S direction (45 to the rolling direction) and it was higher in the case of the R direction (rolling direction) than in the case of T (transverse direction), regardless of the final heat-treatment conditions. Murty et al. 8) performed an investigation on the creep anisotropy of Zr1Nb-1Sn-0.2Fe alloy. They found that the creep rates along the TD (transverse direction) were lower than those along the RD (rolling direction) in various stress regions. However, they did not mention this result. From these results in both studies, the creep rates are very sensitive in the test direction for the sheet samples with a crystallographic anisotropy. It is T30A  T30B  T30C  T50A  T50B  T50C  T70A  T70B  T70C   250  200  150  100 50 Fig. 4 Creep behavior of the Zircaloy-4 sheet with the cold rolling reduction and heat-treatment conditions for the TD (transverse direction) samples tested in a temperature of 380 C and a stress of 120 MPa .   R30A  R30B  R30C  R50A  R50B  R50C  R70A  R70B  R70C  T30A  T30B  T30C  T50A  T50B  T50C  T70A  T70B  T70C  S70A  S70B possible that the major creep rate-controlling mechanism in this work was caused by a dislocation glide and climb from the tested conditions of the temperature and stress. 8, 12) Therefore, the creep strain was different in the three types of tested samples in this work, since the activity of the slip system was changed by a different crystallographic anisotropy for the creep test samples. It is generally known that the prismatic slip system f10 1 10g h11 2 20i is the most active slip system in zirconium. The highest creep strain which was found in S sample was caused by the angle relation between the slip system and the stress direction during the creep test. Since the prismatic slip system is aligned at nearly 45 to the stress direction in the S sample, it is possible that the creep strain was much higher in the S sample than the others. Figure 7 shows the bright field TEM micrographs of the specimens after the creep test of the 70% cold rolled Zircaloy-4 sheet which was a 70% cold worked condition. All the samples for the TEM observation were obtained after the creep test. The dislocation Burgers vector and the density of the crept Zircaloy-4 were confirmed by using a transmission electron microscopy by Ecob and Donaldson. 11) Since the transmitted beam direction was nearly the ½10 1 10 zone axis during the transmission electron microscopy application in this study, all the visible dislocations could be confirmed as hai type or ha þ ci type dislocations. After the creep test, it is impossible to identify a microstructural change caused by a creep deformation in the cold rolled (a) and 510 C annealed (b) specimens. However, it is possible to anticipate the microstructural characteristics before the creep test, in which a deformed structure with a high concentration of dislocations is formed by a cold rolling, and a partially recrystallized structure is formed by an annealing at 510 C for 2.5 h after a cold rolling. From this TEM observation, the difference of the creep strain between cold rolled and annealed conditions was caused by the sub-structural characteristics such as dislocation density and formation of the partially recrystallized grains rather than deformed grain shape which was shown in Fig. 2 .
Microstructural characteristics
Figures 7(c) and 7(d) show the dislocation images which were formed in the grain interiors during the creep test, because the fully recrystallized grains were obtained by an annealing at 600 C before the creep test. In the crept R sample as shown in Fig. 7(c) , the dislocation shape is relatively curved. On the contrary, in the crept S sample as shown in Fig. 7(d) , the dislocations were straighter and more uniformly distributed than the crept R sample. Regarding these observations, the migration of the dislocations was easies in the S sample between these two specimens and it was caused by the correlation between the texture and creep test directions of the creep test samples. Therefore, a texture control is a very important factor to increase the creep strain rate.
Conclusions
The thermal creep characteristics of a Zircaloy-4 sheet were evaluated for their texture and microstructural characteristics. The creep strain was decreased by a final annealing and it was more effective for a stress relief annealing condition than a full recrystallization annealing. In addition, the creep strain was considerably affected by the crystallographic texture since the 45 direction for the rolling direction revealed the highest creep strain rate of the Zircaloy-4 sheet among the three types of test directions. From these results, a combination of texture and microstructure controls is very important factor to increase the creep strain rate property in zirconium.
